A new absorption spectrometer operating in the submillimeter wave region has been designed. The apparatus combines the previously reported 1 fast scan submillimeter wave spectroscopic technique (FASSST) and a pulsed 1 supersonic jet sample. It is specially designed for the rapid searching for unknown molecular transitions of weakly absorbing and/or low abundance species. Vibration-rotation transitions of the Ar·CO and Ar·ND 3 van der Waals molecules have been observed using this apparatus. Transitions in Ar·CO involve the j=1 → j=2 hindered rotor transition in the complex. Transitions in Ar·ND 3 have been assigned as the rotational structure of the fundamental of the lowest frequency bending mode involving the two moieties.
frequency monitoring is introduced to implement the FASSST technique in a pulsed mode.
The jet cooled environment facilitates the production of van der Waals complexes. The use of the free supersonic jet also leads to rotational cooling of the probed molecules and significantly reduces spectral congestion. Additionally, the reduction of the rotational partition function increases the absorption signal for the remaining transitions, thereby compensating for the reduction in absorption path length with respect to conventional submillimeter wave spectroscopy. The initial use of the apparatus was to observe the rotational spectrum of the Ar·CO cluster which is an ideal test molecule since it is both weakly absorbing and a low abundance species. The experimental data we obtained are in good agreement with frequencies predicted from the molecular constants recently reported by Hepp et al. 2 The apparatus has been used more extensively to study VTR transitions of Ar·ND 3 . The Ar·NH 3 complex has been studied in the past.
3-14 Based on these results Schmuttenmaer et al. calculated a potential energy surface (PES) for this complex 4 and used it to predict the energies of a number of levels of the perdeuterated complex. These predictions indicate that there is an Ar·ND 3 bending vibrational transition that originates in the ground vibrational state of Ar·ND 3 and which should lie within the spectral range presently accessible to the apparatus. An important advantage of observing transitions in Ar·ND 3 is that they yield the possibility of measuring the inversion splitting in k = 0, associated with the ND 3 subunit of the complex, where unlike NH 3 both inversion levels have non-zero spin statistical weights.
The observation of inversion in the complex potentially provides important information about the PES that was not derived from the Ar·NH 3 experiments.
II. EXPERIMENT
The apparatus uses a free running backward wave oscillator (BWO) tube (ISTOK Research company, Russia) driven by a high voltage sweeper to produce rapidly tunable submillimeter wave radiation. In the present work, an OB-24 tube was used, with a spectrum range of 167-263 GHz. As the block diagram of the apparatus (Fig. 1) illustrates, the output of the BWO is split into two beams. One of the beams, carrying 80-90% of the power, is focused onto the molecular jet produced by a pulsed valve (General Valve, model 9), and is detected by a hot electron InSb bolometer (QMC Instruments) mounted in a liquid helium cooled Dewar (Microwave Laboratories). The electrical signal produced by the bolometer, amplified by a low noise battery-powered preamplifier (QMC Instruments, model ULN 95)
is the data channel. A low pressure (about 0.1 Torr) absorption cell is also inserted into this beam. The cell contains molecules (e.g. OCS) whose known transitions provide absolute frequency markers. Thus, the data channel contains both the spectrum of the sample and that of reference molecules. The spectral signal is amplified, filtered, and fed to a fast ADC board (Computer Boards, model 9812) installed in the main computer which collects data and stores it on a local hard drive.
The second beam is directed through a thermally stabilized folded Fabry-Perot cell that produces fringes with a free spectral range of 14.475 MHz. This beam is detected by a second bolometer mounted in the same Dewar as the signal detector. The output of this channel is recorded simultaneously with the data channel and processed to generate digital frequency markers for relative frequency calibration.
These markers are fed to a client computer running real-time software, that provides a low level control. The client computer has no user interface and is interfaced to the main computer through a custom-made network as illustrated in Fig. 1 . The software the client is running allows it to alternatively serve as a pulse counter, delay generator or interface link to different parts of the apparatus. As an interface device, it handles digital input from both acquisition channels and the BWO driver, and digital output to the pulsed valve driver and acquisition system. The BWO driver provides a digital output signal at the turning points of a sawtooth voltage ramp which serves as a master clock for each operational cycle of the spectrometer. After reception of the master clock signal, a fairly narrow spectral window (about 250 MHz) is chosen, wherein only one molecular reference line appears.
The desired frequency for the commencement of data taking is determined by counting the number of Fabry-Perot markers after the reception of the molecular reference frequency marker. To ensure proper synchronization between the pulsed valve and the data acquisition trigger, the valve is triggered before the data acquisition hardware. Once the molecular reference marker is received, the client computer operates as a pulse counter. Therefore, the valve, as well as the data acquisition hardware, is triggered after appropriate delays, which are determined by counting fringe markers.
Data acquisition only occurs while the frequency is being scanned with the valve open.
A given interval of this nature is called a data frame. The typical opening duration of the valve is about 2 milliseconds, which results in data frames of 200-300 MHz with hardwarelimited resolution of 50-75 kHz (and minimum linewidths of ≈300 kHz limited by Doppler broadening due to the shape of the jet expansion).
To increase sensitivity and signal-to-noise ratio, two amplifiers with adjustable bandwidth (PARC preamplifiers, model 113) perform bandwidth narrowing (roll-off). Data is taken by recording pairs of traces with the valve respectively opened and closed, followed by subtraction of the latter trace from the former, with the result being stored in the main computer. This approach eliminates molecular absorption in the reference cell from the data. It also minimizes the effect of frequency-dependent fluctuations of the submillimeter wave radiation reaching the detector. Signal averaging is performed to further improve the spectra.
In the Ar·CO experiments a pre-mixed sample of 13% of CO (99.9% carbonyl free grade), 17% of Ar (99.998% grade) in helium (99.99% grade) was expanded through a pinhole nozzle 0.5 mm in diameter at backing pressures of 40-55 psi.
In the Ar-ND 3 experiment, a pre-mixed sample of 1% of ND 3 and 20% of Ar diluted in helium was used. The perdeuterated ammonia was purchased from Aldrich Chemical 
III. RESULTS AND DISCUSSION

A. Ar·CO
The sensitivity of the apparatus was tested by observing transitions in CO isotopomers and the Ar·CO van der Waals complex. Table 1 .
The frequencies of the observed Ar·CO transitions were compared to the frequencies predicted using the semi-rigid Hamiltonian used by Y. Xu et al., 15 with the corrections and molecular constants reported by M. Hepp et al. 16 The results of the comparison of predicted
and experimental values are shown in Table 1 .
B. Ar·ND 3
Theoretical Considerations
ND 3 is an oblate symmetric top belonging 3 to the PI group D 3h (M) which is isomorphic with the point group D 3h . The expected energy level pattern is shown in Fig. 3a which also labels the energy levels by the total angular momentum quantum number j and its projection on the C 3v axis, k. We choose lower case letters to denote the quantum numbers of the ND 3 moiety and upper case letters for the quantum numbers of the complex. ND 3 exists, for the purposes of this experiment, in two inconvertible forms distinguished by different total nuclear spin.
Each j k state of ND 3 is split by the inversion-tunneling into a symmetric and antisymmetric state (designated as + and − respectively in Fig. 3a) . The inversion splitting between symmetric and antisymmetric states is ∆V and equals 1591.8 MHz in the vibrationless ND 3 molecule.
17
For k = 0 the mapping of the ND 3 energy level structure of Ar·ND 3 is given in Table 2 . Using these results, we see that new basis functions transforming as irreducible representations of the PI group can be written such that Ψ S = |n · Ψ tr · |ρ , where Ψ tr is one of the symmetrized functions,:
In case of k=0, functions (1b) and (1d) vanish. and the other, unaffected one is denoted as Π + (see Fig. 3 ). The direct application of the transformation properties given in Table 1 
The inversion wavefunctions |ρ associated with the states labelled "+" and "-" in Fig. 3 transform respectively as A 1 and A 2 irreducible representations in the D 3h group.
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The direct product,
of the irreducible representations for |ρ and |n and Ψ tr gives the symmetries of Ψ S that are shown in Fig. 3c .
We now consider nuclear spins. The nuclear spin functions transform as follows:
According to the Pauli principle, the overall wave function must be antisymmetric with respect to permutation of two identical nuclei in the case of fermions, while it must be symmetric in the case of bosons. In the case of NH 3 (D 3h PI group), the Pauli-allowed total wavefunctions Ψ total must transform as either A 2 or A 2 .
18 Therefore, for k=0 stacks, we note that only the A 2 or A 2 Ψ S levels can exist leaving only one inversion level (− for Σ0 0 states and + for Π1 0 states) corresponding to the spin wavefunction Ψ NS (A 1 ), causing only one inversion component to be observed in the spectrum.
In the case of ND 3 , the total wavefunction must transform as either A 1 or A 1 . Again, considering the results for Ψ S in Fig. 3 
Here, B and D are the conventional rotational constants, V 0 is the origin of the Σ − Π bending vibration, and q Ω is an Ω-doubling constant similar to the l-type doubling constant, which takes into account the rotational interaction of the Π1 − 0 and Σ1 0 states.
Experimental Observations and Fit
The search in the region near the predicted 3 Σ0 0 → Π1 0 transition near 230 GHz revealed a total of 27 transitions assignable to P, Q and R branches spanning the region from 195 to 263 GHz. The experimental spectrum of the Q-branch is shown on Fig. 4 .
In addition, a second set of transitions falling into discernible P, Q, and R branches was found in the same region. These were about an order of magnitude less intense than the stronger ones and were assigned as transitions between the less populated inversion components. The separation between any two transitions with the same quantum numbers in the two sets was found to be nearly identical (about 2873 MHz). This value is consistent with the idea that the inversion potential is only modestly affected by complexation. The observed frequencies of all the transitions are given in Table 3 .
The two sets of lines, corresponding to the different inversion components, were fit separately to the pseudodiatomic model (Eqs. 5) with a standard deviation of about 0.3 MHz.
The resulting molecular constants are given in Table 4 If the two inversion components are treated as different species, the remaining molecular constants are very similar. A small difference in q Ω accounts for the observed slight J dependency in the inversion separation in P and R branches (see Table III ) which terminate on Π − levels while in the Q-branches that terminate on Π + levels, this separation is virtually J-independent. At the present we are unsure of the precise mechanism leading to the weak J-dependence in the inversion splitting of the Π − levels.
The centrifugal distortion constants for Σ states in different inversion component differ by about two standard deviations of the fit. However, the small value of the difference in these constants and the lack of additional experimental data at high J, due to the low temperature of the sample, lead us not to speculate further concerning this difference.
Hyperfine structure was detected in the rotational lines of the Π1 0 ← Σ0 0 transition resulting from the quadrupole interaction of 14 N nucleus (I=1) with the electric field gradient at the site of the nucleus. Low J transitions revealed several partially resolved components.
Higher J lines (J>2) were split into two components with an intensity ratio 2:1 and a separation by 1 MHz which was independent of J within experimental error.
For high J, the hyperfine components for which the change in J equals the change in the total angular momentum F, have maximum intensity. 22 This results in the predominance of three lines which are of comparable intensity and of which two are so close as to be unresolved by our experiment. This accounts for the splitting and the 1:2 intensity ratio observed. Inspection of the formula that gives the quadrupole splitting shows that its J dependence decreases with increasing J. 22 A very similar splitting of transitions was observed by Zwart et al in their work on Ar·NH 3 . 7 Quadrupole coupling constants were fit to the two sets of transitions that gave rise to the 1 MHz splitting in the Q branch of the strong upper inversion component. The following expressions for level energies was used in the analysis:
Here f (I, J, F ) is the Casimir function, 22 Q is the nuclear quadrupole moment of nitrogen, and the q ii are values of the components of the electrical field tensor along the principle axes of rotation at the site of the nitrogen nucleus. The constants from the fit are presented in Table 4c . The quadrupole constant eQq has been obtained from the fit and is the same as that reported for ND 3 23 within the error of the fit. Therefore there is no experimental evidence for an effect of molecular complexation on the quadrupole coupling constant.
IV. CONCLUSION
A new submillimeter wave spectrometer has been developed for rapidly searching for new molecular transitions in a free supersonic jet environment. The apparatus is capable 
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